WATER IN THE 21sT CENTURY: CONSERVATION, DEMAND, AND SUPPLY
APRIL

AMERICAN WATER RESOURCES AssOCIATION

1995
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Richard C. Peralta and Alaa H. Alyi

ABSTRACT: A methodology for developing pumping strategies to maximize contaminant
extraction is presented. The methodology consists of approximating the mass removal integral using
a quadrature rule. Contaminant mass extraction is expressed as a function of the extraction rates.
The relation of contaminant extraction to pumping rates is used as one of several constraints within
a simulation/optimization model. The impkmentation and application of the methodolo~y are
described. The result is a set of pumping rates which are optimal in the sense that they maximize
the mass of contaminant removed by the extraction system for a posed management scenario.
KEY TERMS: contaminant removal; pump and treat; optimal pumping; simulation/optimization
models.

INTRODUCTION
In many groundwater remediation projects, contaminated groundwater is extracted from the
aquifer and then treated. Frequently, the capacity of the treatment facility determines the maximum
total extraction rate from the contaminated aquifer. It is, therefore, desirable to be able to allocate
the pumping rates to maximize the mass of contaminant extracted by the pump and treat system,
without exceeding that upper bound. Here, we describe a general methodology that can be used to
find the pumping rates which achieve the goal of maximizing contaminant removal. We also
summarize a case study (Peralta and Aly, 1994) in which extraction rates are determined using the
methodology.

DESCRIPTION OF THE PROBLEM
Norton Air Force Base (NAFB) is located in the San Bernardino Valley, part of the
California Peninsular Range geomorphic province (Figure 1). The elevation at NAFB is about 1,100
feet above mean sea level (msl). The ground slopes gradually to the southwest. Near NAFB,
several groundwater-bearing zones exist. The top layer contains dissolved trichloroethylene (TCE),
which is moving from NAFB toward wells which supply Riverside, California.
A 24 November 1993 Record of Decision (ROD) mandates that NAFB is to 'maintain
hydraulic control to the extent possible of the plume while extracting contaminated groundwater, and
reinjecting treated groundwater into the contaminant plume or the clean portion of the aqujfer" (EA,
1994). NAFB is addressing this goal by installing two pump and treat (P&T) systems; one in the

'Professor and Ph.D. candidate, respectively, Department of Biological and Irrigation
Engineering, Utah State University, Logan, Utah 84322-4105.
415

central base area (CBA) near the TCE plume source and the other near the southwestern base
boundary.
Earth Technology Corporation (ETC) has designed a small P&T system to extract dissolved
phase TCE near the plume source. EA Engineering Science and Technology (EA) is responsible for
desigru'lg the second P&T system. Currently, the CBA P&T system is extracting 200 gpm. This
system is to be augmented to extract up to 400 gpm (the capacity of existing treatment unit).
ETC calibrated the MODFLOW groundwater flow simulation model (McDonald and
Harbaugh, 1988)" to the study area (EA, 1994). They used groundwater monitoring data collected i"
June 1992 by Camp, Dresser and McKee, Inc. (CDM, 1993). ETC used MOC (Konikow and
Bredhoeft, 1984) to simulate plume migration under alternative preliminary well locations and
pumping strategies.
In their model, ETC represented the contaminated aquifer as a heterogeneous single-layer
unconfined aquifer. All wells of the pump and treat systems penetrate this layer. Utah State
University (USU) utilized the aquifer parameters resulting from ETC's calibration, but used MT3D
(Zheng, 1991) for simulating plume migration response to pumping.
USU used an enhanced version of US/REMAX (Peralta and Aly, 1993) to compute optimal
pumping strategies for posed scenarios. US/REMAX is termed a simulation/optimization (S/0)
model because it incorporates both simulation ability and operations research optimization
algorithms. It directly calculates the best extraction and injection rates for a posed management
problem. This differs from the action of a simulation model that requires input of an assumed
pumping strategy.
ETC specified fixed injection well locations to be placed along existing pipelines. ETC also
proposed locations for extraction wells. Due to the time restrictions on accomplishing this
optimization effort, USU was asked to: (!)utilize ETC's well locations, (2)assume 100 gpm injection
rate at each of ETC proposed 4 injection locations, and (3)determine optimal extraction rates for 5
ETC proposed extraction locations. USU determined the optimal (maximum mass of contaminant
extraction) strategies needed to achieve cleanup. The major goal of this paper is to demonstrate the
methodology used to find the pumping strategy which achieves maximum contaminant extraction.

PUMPING STRATEGY CRITERIA
The following characteristics are considered for developing pumping strategies.

1.
2.
3.
4.
5.
6.

use a steady-state groundwater flow evaluation.
force total extraction to equal total injection.
place all extraction and injection wells within NAFB boundaries.
utilize 400 gpm as the upper limit on total discharge from all extraction wells.
use 100 gpm as the injection rate at all injection wells, and 200 gpm as the upper limit on
discharge at all extraction wells.
use 150 ppb as the upper limit on the concentration of all extracted water.

One scenario is presented in this paper. This scenario consists of an unmanaged scenario
(A1) and an optimally managed scenario (A2). An unmanaged scenario iilustrates what will happen
if the optimal pumping strategy is. not implemented. An optimal scenario illustrates the results of
implementing (using) an optimal pumping strategy computed by US/REMAX. In this scenario we
assume no continuous source of TCE is active.
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OPTIMIZATION PROBLEM FORMULATION
In this section, we show the mathematical representation contaminant extraction maximization
problem. We consider 5 po~si~le extraction wells. ~ so~ution to. this opti~ization p~obl~m represents
a pumping strategy that maxuruzes the value of the obJectlVe funcuon, equal:1on 7, while Simultaneously
satisfying equations 2, 3, 4, and 8.
5
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where:
a
= index designating location of potential groundwater extraction;
p(a,t) = magnitude of groundwater pumping rate [1}11] from location a at time t.
If the pumping rate, p(a,t), does not change with time, equation (1) can be re-written as
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The integral in equation (5) is approximated using an alternating extended Simpson's rule.
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We rewrite the objective function (equation 1) as:
5
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We introduce a new constraint equation to relate the contaminant extraction tO the pumping rates:
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Through Equation 2 the model has the freedom to select any extraction rate between 0 and 200
gpm for the cells containing extraction wells. Injection wells are not included among these wells, since
their flow rates are assumed known.
In the objective function (equation 7), extraction rates are multiplied by -1 because extraction
rates are considered to be negative (as in MODFLOW convention). The resulting quantity will be
positive and equal to the amount of contaminant removed from all wells.
·
Equation 4 states that the (average) concentration of all extracted water must be below 150 ppb.
This condition is posed by the capabilities of the treatment facility. No upper bounds are imposed on
groundwater head because the water level is far enough below the ground surface that pressurized
injection is very unlikely (a recharge mound will not reach the ground surface). No lower bounds are
imposed on head because extraction rates are too small to cause unacceptable drawdowns (saturated
thickness is large).
Equation 8 is a linear regression equation. The coefficients (3(0), (3(1), .... , {3(5) are calculated
using an iteratively re-weighted least squares (lRWLS) regression (Staudte and Sheather, 1990). The
prediction accuracy of this equation is tested in post-optimization simulation. For the presented study,
the prediction accuracy was always higher than 97%.
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IMPLEMENTATION
In this section, we describe how to use US/REMAX to optimize extraction of contaminant in
a complicated situation. Such situations might arise when the groundwater aquifer is heterogeneous
and{or the initial contaminant plume has an irregular shape. Complexity can result from hydrologic
features, management goals and constraints, institutional boundaries, or proximity of the plume to
locations forbidden to contamination.
·

To formulate the management problem; we must express the amount of contaminant extraction
as a function of the pumping rates at the 5 potential extraction locations. To accomplish this, we used
JRWLS to fit a linear function to the data of contaminant extraction as the dependent variable and the
pumping rates as the independent variables. The integral (equation 1) is approximated using an
alternating extendea Simpson's rule (Press et. al., 1993). For practicality when the regression is
performed, we consider the dependent variable to be the integral of concentration over time (without
multiplying by the pumping rate). This approach gives a much better regression fit than fitting the
regression equation to the volume of contaminant extracted. The traditional approach will suffer from
the fact that the contaminant extraction from one well is confounded by the pumping rate at that well.

DEVELOPED PUMPING STRATEGIES
We used the procedure outlined in the preceding sections to develop optimal pumping strategies.
A steady pumping strategy consists of a spatially distributed set of steady extraction and injection rates.
Figure (2) shows the optimal pumping strategy, and the TCE concentrations after implementing
the optimal pumping strategy. According to post-optimization simulation using MODFLOW and
MT3D, the proposed pumping strategy satisfies all specified criteria.
The Optimal pumping strategy for Scenario A2 consists of extracting TCE-<:ontaminated
groundwater from 2 wells. Each well is pumping at 200 gpm.

SENSITlVITY ANALYSIS

We analyzed how the system would respond to implement the optimal pumping strategy for
Scenario A2 if the physical system differs from our assumptions. To do this, we made several
MODFLOW and MT3D simulations. Each of these 'sensitivity simulations' used the optimal pumping
strategy for Scenario A2 but assumed a different set of layer one hydraulic conductivity, dispersion
coefficient, or porosity. After each simulation we calculated the mass of extracted TCE.
The mass of TCE extracted by the wells pumping at optimal pumping rates increases by 8.4%
when the dispersion coefficient decreases by 90%. The TCE mass decreases by 3% when the dispersion
coefficient increases by 60% . The increase in TCE extraction resulting from the decrease in the
dispersion coefficient can be explained as follows. When the dispersion coefficient decreases, less
contaminant movement (by dispersion) takes place. Since the extraction wells are extracting
contaminated water from locations with high TCE concentration, the lower dispersion coefficient will
result in less cop.taminant movement away from the extraction wells thus resulting in higher
concentrations at the extraction wells. This will result in increasing the mass of· Contaminant extracted
via the extraction wells. Because changes in mass extraction are relatively Eml\11, the mass of TCE
extracted when the optimal pumping strategy for Scenario A2 is considered 'robust' within the tested
range of variation of the dispersion coefficient.
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The mass of TCE extracted by the wells pumping at optimal pumping rates increases by 11.9%
when the hydraulic conductivity decreases by 70%. The TCE mass decreases by 14.1% when the
hydraulic conductivity increases by 60%. The increase in mass extraction resulting from the decrease
in hydraulic conductivity can be explained as follows. When the hydraulic conductivity decreases, the
groundwater velocities decrease and less contaminant movement (by advection) occurs. This is similar,
in effect, to a decrease in the dispersion coefficient as explained before.

CONCLUSION
The presented optimal pumping strategies satisfy all the stated criteria. Each scenario requires
400 gpm of extraction to maximize contaminant extraction while keeping the resulting concentration at
the treatment facility to be always below 150 ppb. The optimal strategy for Sce'1.ario A requires 2
extraction wells and 4 injection wells.
Developed pumping strategies are only as accurate as the calibrated simulation model upon which
they are based. There is always some uncertainty in groundwater modelling. However, results of the
post-optimization analysis allow us to expect that implementing an the optimal pumping strategies will
· result in maximizing the mass extraction of TCE from the groundwater aquifer.
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Figure 2. TCE concentrations for 2 Scenarios.
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